observed value of s ; for the Atsera isolate is 2.9 X which is not significantly different from the expected values that range from 1.23 x to 2.46 x depending on the constant used in calculating v?. Therefore it appears that nonselective aspects of population structure such as genetic drift and intervillage migration are responsible for the recorded genetic variation in this isolate.
The genetic studies of the Atsera and Waffa isolates of Papua New Guinea's Upper Markham Valley conducted by Eugene Giles and his associates (Giles e t al., '66a, b, '70 ) occupy a n important place in the development of our understanding of human biology in Melanesia. They were among the earliest field investigations in the region to record genetic data on the level of the local breeding population and to provide some of the demographic information necessary for an evolutionary interpretation of those data. By far the most remarkable result of this research has been the discovery of huge stores of genetic variation within these small populations. Gene frequencies often differ significantly from one village to the next within each isolate despite the superficial similarity of village environments and the moderating effects of intervillage migration. According to the x* method of Nee1 and Schull ('541, the probabilities that villages of the Atsera isolate were drawn from the same genetic universe range from less than 0.05 for the MNS blood group system to less than 0.001 for the ABO and Rh systems AM. J. PHYS. ANTHROP. 11978) 48: 463-470 (Giles et al., '70: p. 65) . The Waffa population displays comparable heterogeneity (Giles et al., '66b) . It has, however, proven far easier to demonstrate the existence of this variation than to explain it. Because of the smallness of these isolates and the lack of obvious environmental differences within them, it is generally believed that random genetic drift, the founder effect, migration or some other "nonselective" aspect of population structure is responsible (Giles e t al., '66b, '70; Simmons, '73). But to date the proper test of this belief has not been forthcoming.
One attack on this problem was made by Cadien ('71) who sought to explain the observed variation in the Atsera isolate as a balance between drift and intervillage migration. Cadien used Sewall Wright's island model of migration to generate a set of expected variances among Atsera villages for gene frequencies of the ABO, Rh and MNS systems. The approximate form of this model is
where q is the mean village gene frequency, is its expected variance, N , is the mean effective population size of villages and m is the fraction of each village which is replaced every generation by migrants drawn a t random from the whole population (Wright, '31) . This is not, however, the sort of migration that characterizes the Atsera isolate. Cadien treated m a s if it were simply the mean intervillage migration rate per generation, which is not a t all what Wright intended. As the data of Giles ('70) show, there is considerable differential migration and some isolation by distance within the isolate, factors which could substantially increase the expected value of mi. Moreover Eq. (1) is applicable only a t genetic equilibrium, deviations from which would be very nearly impossible to preclude in such a small population.
A different approach, one not based on the assumption of genetic equilibrium, has been adopted in the present paper. This approach is not concerned with the gene frequency variance per se, but rather with "Wahlund's variance" f , which is
That is, f is equal to the variance in the frequency of a given allele standardized by the mean frequency of that allele a s computed over all the villages of the isolate. In a classic paper, Wahlund 1'28) demonstrated that f is the variance in gene frequency contributed by the deviations from panmixis that result when a population is subdivided. Moreover, f (which is equivalent to Wright's FST) is a measure of the average inbreeding within population subdivisions relative to the population a s a whole and of the rate a t which genetic variation is lost through random drift (Crow and Kimura, '70) . In general, f is determined by all the nonselective elements of population structure, including past and present population size, the distribution of population among subdivisions, migration and the like.
For the purposes of this paper, the most important property off is the following: If several loci display geographical variation within a subdivided population and if this variation is due to random drift or some other "structural" factor like differential migration, then the value off (the unbiased estimate off) should be approximately the same for each locus. Population structure affects all loci indiscrimicately. The homogeneity or heterogeneity off values therefore provides a test of the selective neutrality of polymorphic loci. I f there is significant heterogeneity among f values, a t least some of the loci are likely to be subject to natural selection. (However, this test will not reveal which lqci are undergoing selection, nor whether high f values represent diversifying selection or low f values represent stabi!izing selection.) If, on the other hand, the f values are reasonably homogeneous, it can be inferred that the observed variation is not due to natural selection. This test has already been used by Cavalli-Sforza ('66) and by Lewontin and Krakauer ('73 ) to analyze geographical variation in the distribution of gene frequencies.
MATERIALS AND METHODS
This approach can easily be applied to the problem of genetic variation in the Upper Markham Valley. Table 1 presents the appropriate data for the ABO, Rh and MNS blood group systems gathered from 19 villages of the Atsera language group (Giles e t al., '66a, '70) . The Atsera isolate a s a whole can be considered a single breeding population, while the villages represent its most important subdivisions. In certain instances, villages which have high rates of intermarriage and similar gene frequencies have been pooled, so that a total of only 15 subdivisions is recognized. This pooling of similar villages will tend to inflate our estimates of f , but it will affect all loci proportionately and hence will not change the results of the analysis.
It should be noted that a fair amount of intervillage migration occurs each generation within the Atsera isolate (Giles, '70) . Although Wahlund's original formulation of f was based on the assumption that the population subdivisions were entirely isolated from each other, more recent work has shown that intra-population migration, like all other aspects of population structure, is expected to influence all loci equally (Bodmer and CavalliSforza, '68) . This, al$hough migration will tend to dampen the f values, it will not in theory affect their homogeneity or heterogeneity.
Before the homogeneity off values can be tested statistically, we must deal with the fact that the gene frequencies in tri-allelic systems like the ABO, Rh and MNS are correlated and that their corresponding f values are therefore not independent. I have compensated for this problem in two ways: (1) by subtracting one degree of freedom for each tri-al- Pooled data from two or more villages lelic system in the following statistical tests, and (2) by arbitrarily excluding the least common allele or haplotype of each system from the analysis. Thus the f values for the B allele the the Ro and Ms haplotypes do not enter into the following computations. Because of the manner in which f is standardized, its value is independent of gene frequency, and this correction will in no way bias the results of the analysis.
How homogeneous must the f values be before they can be attributed to selectively neutral variation? The precise answer to this question requires an explicit expression-for crj, the theoretical saqpling variance o f f . If the observed variance sf is significantly larger than cj, the f values cannot be considered homogeneous. Lewontin and P k a u e r ('73) have attempted to derive uf as follows:
Assume that q and f (the mean value of f ) have been estimated from a random sample taken across n population subdivisions. Also assume for the moment that the underlying distribution of q is normal, that f is small and that n is so large that 4 is very close to the true mean, pq, and consequently there is only negligible sampling variance in t h e denominator o f f . Given these conditions, f has an expected variance over repeated samples of (2) the standard equation for the sampling variance of the variance of a normal variate based on n independent observations. Obviously the assumptions behind this equation-normal (1) As 7 increases, the general expression u; = K f 2 / h --1) still holds true, with K decreasing as 7 increases. However K 2 is approximately correct for values of f in the range OJo 0.05, a range which includes the value off considered in the present paper. The value of K appears to b : independent of n .
(2) The expression cf = 2fz/h -1) applies to both symmetrical and asymmetrical binomial distributions of q as well as the normal distribution of q. (3) Uniform and U-shaped distributions of q require smaller values of K , the former calling for K = 1.0 and the latter for K = 0.5.
However the simulations using these di3tribu-tions also generated higher values o f f , thus confounding the effects of distribution and large f on K .
(4) The denominator off , namely ij (1 -S), appears to have very little sampling variance compared to the sampling variance of t&e numerator, s,". Thus the expression Kf '/ Gz -1) applies even for small values of n.
The expression for u; depends in large part on the underlying distribution of q among population subdivisions. This distribution is difficult to infer for the Atsera isolate with an n of only 15. But inspection of table 1 suggests that the distributions of the nine alleles and haplotypes in question are as a rule unimodal and convex, more dispersed than the binomial but considerably less dispersed than the uniform. (The only exception to this generalization is the Ro haplotype which takes on a strongly asymmetrical J-shaped distribution. But this haplotype has already been excluded from the analysis.) Therefore K equal to one and two would appear to set the lower and upper limits respectively of ui, and both values have been used in the following test.
Nei and Maruyama ('75) suggested that certain forms of migration and mutation may demand values of K greater than two. For example, they carried out their own Monte Carlo simulations for neutral alleles in circular steppingstone models of migration and no mutation, and computed average values of K ranging from 4.42 to 6.14 depending on the number of populations subdivisions in the models. A second set of simulations was conducted with an island model of ten colonies of size 10 and mutation rates varying from 0.001 to 0.1. These simulations also required a K greater than two (although Nei and Maruyama, '75, failed to indicate the precise value of K needed for these experiments). Thus the use of K equal to one or two represents a conservative test of selective neutrality.
Robertson C75a,b) has argued that Eq. (2) may seriously underestimate the sampling variance off in hierarchically structured populations. Hierarchical structure refers to the organization of population subdivisions into clusters within which, due to common history or migration, genetic relatedness is significantly greater than the relatedness between clusters. The structure of relatedness can be described in terms of a matrix of genetic correlation coefficients between pairs of subdivisions. The correlation between the ith and jth subdivisions, ryr can be estimated as cov(ij)/6,i6,. where B,i is the observed standard deviation in gene frequencies across the rn loci studied in the zth subdivision, and
qi+ being the frequency of allele x in the ith subdivision.
Robertson ('75b) reasoned as follows in deriving a n expression for the sampling variance off in a hierarchically structured population. Assume that the distribution of gene frequencies across a set of hierarchically structured population subdivisions can be described by a normal variate q -N ( h , u i ) . Since rii is the genetic correlation between subdivisions i and j , the expected mean squared difference between them is 2ui(l -rv), and the total average mean squared difference is 2cri(1 -F) where f; is the mean correlation between paired subdivisions. Thus, if a random sample is taken across all the subdivisions, the effects of hierarchical structure are such that the expected inter-subdivision variance, V,, as measured from the sample is cri(l -F).
Suppose now that several samples are drawn from this set of population subdivisions. The estimates of V , will themselves vary from parnple to sample with variance equal to VCV,). Defineq, as the gene frequency in the ith subdivision and write Ai = qi -Q. The value of V, in a single sample of n subdivisions can then be computed as [ZAf -(ZAi)2/nl/Gz -1). Since the expectation of this variance is ui(l -F), the expected variance over all samples (assuming all have the same structure) is Consider now a set of "internal" correlations, p i , related to rii but adjusted to have mean zero:
I t can be shown that
It follows that X8:
where cr: is the variance of the internal correlations. Substituting in Eq. (3) and remember-
Kv(Vq).
ing that E@J = m i ( 1 -r) and u f~ K V (~~) ,
it is approximately the case that Fortunately none of these values differs significantly from zero, and the application of Eq. (4) to the Atsera data appears to be justified.
It is not immediately obvious that Robertson's correction of Lewontin and Krakauer's original variance has much relevance to a population like the Atsera with small, closely related villages, substantial intervillage migration and thus little opportunity for the development of hierarchical population structure. In fact the data on the Atsera suggest the absence of significant hierarchical structure. Table 2 , which presents the matrix of pu values between Atsera villages for the ABO, Rh and MNS loci, clearly shows that there is little variation around a mean internal correlation of zero. The estimated value of v: is equal to only 3.4 x with 95% confidence limits of 2.6 x to 4.5 x Thus, although Robertson's correction has been used in the following analysis, it produces a n expected value of uf that is only slightly different from the one given by Lewontin and Krakauer's equation.
RESULTS
In table 3, the weighted means and variances of the relevant village gene frequencies are shown, along with the estimates off and their 95% confidence limits. While the observed values o f f are not strictly identical, they are remarkably similar. The value o f f from table 3 is 0.0128 and the estimated variance S? is 2.9 x The latter figure does not differ significantly from either of the two theoretically expected variances:
with K = 1, = 1.23 x 10-~ W = 2.36,0.05 < P < 0.10).
with K = 2, u? = 2.46 x 10-5 dF = 1.18,0.25 < P < 0.50).
Thus the observed! values appear to be homo- geneous, and it can be concluded that the gene frequency variations found in the Atsera isolate are indeed a reflection of population structure alone and not of natural selection. It is important to consider possible biases in this test. Spuriously low sfla! ratios could be caused by linkage disequilibrium (which would establish correlations among loci) or by similar selection operating on all loci. The former is not a problem in the present case: MNS is unmapped, but the Rh locus is on chromosome 1 whereas the ABO locus is on chromosome 9. The latter bias is more difficult to dismiss on empirical grounds but appears to be unlikely for theoretical reasons. The selection coefficients of the genotypes of all three blood group systems would have to be more or less identical for selection to produce homogeneous f values. It is probable that the selection coefficient of each genotype is determined by its antigenic specificity, which varies from one genotype to another not only within each system but a fortiori between systems as well.
It is difficult to imagine any selective pressure operating in the same way on all three systems.
Spuriously high s%/cr/ ratios could be produced by several demographic factors even in the absence of selection. For example, the founder *effect could increase the heterogeneity off values. If a village with Afvery large for one system (say, locus a ) but small for the other two were to-expand and produce several new villages, thef for locusa would be greater than that for the other loci. A similar effect could be produced by large, uncorrelated fluctuations in the population size of villages and by the selective migration of genotypes. But any attempt to correct for these processes would only reduce the ratio ofs? to u! and consequently would not change our conclusions about the homogeneity of the observed f values.
DISCUSSION
I believe this is as conclusive a demonstration a s possible, given the data and methods a t hand, that natural selection is not acting to maintain the geographical variation in gene frequencies of the ABO, Rh and MNS systems that has been observed in the Upper Markham Valley. This should not be interpreted to mean that natural selection does not affect these loci a t all. On the contrary, a considerable amount of selection is known to operate on the ABO and Rh loci in the form of maternal-fetal incompatibility, and it may be that selection has affected the mean gene frequencies of all three systems, in the Upper Markham region. Selection does not, however, appear to explain microgeographical variation between villages. But the evidence against selection adduced herein is purely circumstantial, and perhaps all that can be concluded is that we need not invoke the hypothesis of selection in order to account for the facts of the case. Giles et al. ('66a) were in any event correct in believing that these three blood group systems display a level of heterogeneity in the Atsera isolate that is consistent with the population structure of the isolate. Unfortunately this analysis cannot reveal what aspects of population structure are important in determining this heterogeneity. It is unlikely, however, that random genetic drift in the strict sense can, by itself, account for the observed variations, since there is no apparent increase in average heterozygosity with village population size. The average heterozygosity of the xth allele in the ith village can be estimated (assuming random mating within villages) asH, = 2q,(1 -q,). Table 4 presents the mean village heterozygosity, p,, averaged over the ABO, Rh and MNS loci from eight Atsera villages from which data on population size are available. In theory, there should be an aqproximately linear increase in OI = -l/(ln H,) with N,, the size of the ith village, if drift alone is operating. This follows from the equation for average heterozygosity at equilibrium between the loss of variation due to drift and its gain due to mutation:
where a is a constant of proportionality that converts N, to N,,, the effective size of village i, and p is the rate per locus a t which selectively neutral alleles are produced by mutation (Kimura, '68 Doubtless the balance between intra-isolate migration and drift is of some importance in the Upper Markham Valley, and Cadien's analysis is at least useful in drawing attention to this process. A more pertinent study might be undertaken using the pairwise intervillage migration rates provided by Giles ('70) and subjecting them to a migration matrix projection of the sort developed by or by Imaizumi et al. ('71) . But these methods require knowledge of N,,, which can be only crudely estimated from the available data on the Atsera. In addition the migration matrix approach requires information on migration into the isolate from the outside world, information which has not to date been published for the Upper Markham Valley. In short, further research on this subject is contingent on more comprehensive demographic field data being made available by the original investigators.
To end on a note of caution, the fact that selective forces do not seem to be of any appreciable significance in the differentiation of a set of small, closely related villages living under essentially identical ecological conditions tells us nothing whatsoever about the larger issue of the relative importance of selection and drift in the maintenance of polymorphism on a global scale. The methodology used in this paper may have wider applicability, but the specific conclusions apply only to a single, minuscule part of the world.
